Abstract

22
Research on the influence of ultraviolet radiation (UV) on terrestrial plants and on its link with 23 other influencing environmental factors requires information on UV exposures, both for a 24
horizontal plane and specific portions of a plant, above and under the canopy. In this research, 25 one set of UV dosimeters based on unstabilized polyvinyl chloride (PVC) were employed to 26 measure the unweighted UVB (UVB) and the biologically effective UV radiation for plant 27 damage (UVBEplant) incident on the leaves of a plant for a month, without having to change the 28
dosimeters. The exposures were compared to the cumulative exposure concurrently measured 29 with six sets of unstabilized polyphenylene oxide (PPO) dosimeters that required changing 30 every four to six days. The difference in exposures between the two types of dosimeters was on 31 average within 11%. The PVC dosimeter is the first reported polymer film dosimeter with a 32 useable range of a month for measuring the plant damaging UV and the UVB exposures to 33 specific parts of a plant. The exposure period of a month for the PVC dosimeter is an extension 34 by a factor of four over the useable range of dosimeters previously reported in the literature 35
for evaluation of the exposure of plants to UV radiation. 36 37
Introduction 38
Ultraviolet radiation has some negative impacts on plant growth but also provides some 39 positive influences, for example increasing the hardiness of plants resulting in less 40 susceptibility to pest and disease attack (Bornman et al., 2015) . The influence of solar UVB 41 (280-320 nm) on terrestrial ecosystems and on cultivated plants is interlinked with the total 42 column ozone and with climate change (Bornman et al., 2015) . Any research on the influence 43 of UV on terrestrial plants and ecosystems and on its link with other influencing environmental 44 factors requires long term information on UV exposures; in particular are required UV 45 exposures integrated over periods of time (Kakani et al., 2003 
Materials and Methods 101
Calibration 102
In order to evaluate the long-term UV dosimeter based on unstabilized PVC for measuring 103
UVBEplant exposures and UVB exposures, PVC dosimeters were fabricated from 16 µm thick 104 PVC film in 3 cm x 3 cm holders as described by Amar and Parisi (2013a) . Previously reported 105 PPO dosimeters (Lester et al. 2003 ; Wainwright et al., 2013) were employed to evaluate the 106 exposures recorded by these PVC long-term dosimeters as it is not possible to measure with 107 radiometers the concurrent plant damage and UVB exposures to a number of leaves 108 simultaneously over a period of a month due to both the size of the radiometers and the need 109 to have multiple instruments for simultaneous measurements on a number of leaves. As PPO 110 dosimeters saturate after four to six days, they were used as sets of a series of dosimeters that 111 were replaced every four to six days and the cumulative UVB and UVBEplant exposures 112 evaluated over the long term exposure period. Forty four PPO dosimeters with a film thickness 113 of 40 µm in a 3 cm x 3 cm holder were fabricated for this purpose. Co., Kyoto). These wavelengths were employed as previous research has established that the 125 maximum UV induced change occurs at these wavelengths. 126
127
The calibration curves relating the change in absorbance to the UVBEplant and to the UVB 128 exposures for both the PVC and PPO dosimeters were determined at the time of exposure 129 measurements by exposing a series of PVC and PPO dosimeters on a horizontal unshaded plane 130 near a calibrated UV meter and regularly recording the UV induced response of the two types 131 of dosimeters as a function of the UV exposure. The PPO and PVC dosimeters were calibrated 132 in the same month that the measurements on the plant were performed. Two batches of 133 dosimeters were employed for the PPO with one batch exposed for a period of four days and a 134 second batch exposed over a second period of six days and the results combined for one 135 calibration. The change in absorbance of the PVC dosimeters and the accumulated exposure 136 were recorded at the end of each day. For the PPO dosimeters, the change in absorbance and 137 the accumulated exposure were measured twice a day for the first two days and then once a 138 day after that. For both dosimeters, a polynomial curve was fitted to the calibration data. The 139 UV meter is a meter (model IL1400 'A' Series, International Light, Newburyport, MA, USA) 140 fitted with a broadband waterproof detector (SUD240, International Light) with a UVB filter 141 (UVB1 filter, International Light). This setup of the IL1400 meter with the SUD detector and 142 UVB filter has a response in the UVB with a negligible response in the UVA waveband and is 143 referred to as the UV meter in the following. This provides the integrated exposures in the 144 UVB waveband. In order to obtain an integrated UVBEplant exposure from the IL1400 UVB 145 meter output, the meter was calibrated on a cloud free day, following the approach of 146 Wainwright et al., (2013) directly to a scanning double grating spectroradiometer (model 147 DTMc300, Bentham Instruments, Ltd, Reading, UK) measuring the terrestrial solar spectrum 148 from 280 to 400 nm. The solar zenith angles over the calibration period were representative of 149 those over the month. The spectroradiometer is permanently located near the exposure site, in 150 an environmentally sealed box on the roof of a building at the University of Southern 151
Queensland. The spectroradiometer was calibrated at least twice a year to a standard lamp with 152 calibration traceable to the National Physical laboratory standard, UK and the stability of the 153 spectroradiometer is of the order of ±6% (Parisi and Downs, 2004) . 154
155
The UV spectrum was recorded between mid-morning to noon at every ten minutes on the 156 calibration day and the cumulative exposures on the IL1400 meter were also recorded at each 157 ten minute point. The UV spectra were weighted with the plant damage action spectrum 158 (Caldwell, 1971 are for the peak UV times of 1000 to 1400 AEST each day and the data points for the remainder 228 of the day are shown by the grey data points. The data is for both the global UV at 10 minute 229 intervals and the diffuse UV at ten minute intervals for all of the cloud and clear sky conditions 230 encountered. The average g ratio is 0.0633 ± 0.019, where the error is represented as the 231 standard deviation. Extraction of the g ratios for the diffuse UV spectra only, provides an 232 average g ratio of 0.0647 ± 0.019. There is practically no difference in the g ratio for the dataset 233 from the diffuse UV spectra compared to the dataset that contains both the global and diffuse 234 UV spectra. 235
236
The results show that the g ratio is influenced by the incident angle of the radiation and not 237 whether it is the global spectrum or the diffuse spectrum. The range of solar incidence angles 238 for each surface has the full range of angles as the solar zenith angle changes throughout each 239 day from dawn to solar noon to dusk. 240
241
The dark data points in Figure 3 are for the peak UV times of 1000 to 1400 AEST each day. 242
For this data, the average g ratio is 0.0760 ± 0.009. As the dosimeters measure the integrated 243 UV over the exposure period, it is the irradiances over the peak UV times that contribute the 244 most to the total exposure. The variation within one standard deviation of the mean for this UV 245 during the peak UV times is ±12%. This variation has been addressed in this research by 246 calibrating the dosimeters at the site and for the atmospheric conditions of the measurement 247 dosimeters (Casale et al., 2006) . evaluated as ±16% using the technique described in Amar (2014 on the plant being less than this. Apart from the set of dosimeters at site 3, the maximum 271 difference is 14% with the average difference being 11%. The exception to this is the set of 272 dosimeters on site 3 which, as seen in Figure 2 is the most shaded leaf of the leaves selected 273 for the measurements. This is due to differences in the amount of time the PVC dosimeter is 274 shaded compared to the period of time of shading of the PPO dosimeters. The average 275 difference of 11% and the maximum difference of 14% are within the estimated errors for PPO 276 dosimeters which have been estimated to be of the order of 15% (Lester et al., 2003) . 277
278
The exposures to each leaf in Figure 4 relative to the exposures on a horizontal plane measured 279 by the respective dosimeters are provided in Figure 5 . Apart from site 3 which has the factor 280 of the differences in shading to the PPO and PVC dosimeters, the agreement is within 5%. 281 The comparison that has been undertaken in this paper is against the month's cumulative 290
exposures measured with the PPO dosimeters that were replaced every four to six days over 291 the full exposure period of a month. This is against a physical measurement with calibrated 292 PPO dosimeters that take into account the shading, orientation, inclination, weather conditions 293 and any other conditions of the leaves. The exposures measured with the PVC dosimeter, apart 294 for those at site 3 which had differences in shading, are on average within 11% of those 295 measured with the PPO dosimeter. This is within the estimated error of the PPO dosimeter. 296
The measurements at specified intervals of the irradiance with the radiometer of exposures to 297 the leaves would not be able to take into account the variations in shading, orientation, 298 inclination, weather conditions and any other conditions of the leaves. interpolated between the data points to 0.5 nm increments for the processing. The plant 8 damage action spectrum (Caldwell, 1971 ) is shown as a solid line. 9 
